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Abstract 


With the increasing use of frequency converters as control units for electric motors, bear- 
ing failures caused by the passage of electric current through the bearings are more 
common. This paper discusses the most relevant parasitic current loops in frequency 
converter-driven motors that can lead to damage of bearing raceways or deterioration of 
lubricants. Electrical stray capacitances, which are inevitably present in any electric 
motor, in combination with the high-frequency components of the drive voltages, have 
been identified as the source of electric discharge machining (EDM) currents. Based on 
an EDM equivalent electric circuit, the passage of electric current through the rolling 
contact of a bearing is simulated. A set-up is introduced to initiate EDM processes in 
bearings under well-controlled electrical and mechanical conditions. The effect of EDM 
currents on bearing elements in the presence of different lubricants is studied. Initial re- 
sults are presented. 
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Nomenclature 
C capacitance of the EDM equivalent electric circuit 
Cg bearing capacitance (between outer and inner ring) in full-film lubrica- 


tion regime 
Crr stray capacitance between rotor and frame of electric induction motor 
Cop stray capacitance between stator windings and frame of electric 
induction motor 
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Csp stray capacitance between stator windings and rotor of electric induc- 


tion motor 

E electric energy dissipated in the EDM circuit 

Eo initial electric energy stored in the capacitor C prior to a discharge 
process 

Ec electric energy dissipated in the gap between test specimens in the EDM 
test rig 

I electric current in the EDM circuit 

L intrinsic inductance of the EDM circuit 

P electric power dissipated in the EDM circuit 

Po electric power dissipated in the gap between test specimens in the EDM 
test rig 

R resistance of the EDM circuit 


RR reed relay contact of the EDM circuit 
U1,23 converter output voltages (phase voltages) 
electric voltage 


Vo initial voltage across the capacitor C prior to a discharge process 
Ve voltage across the capacitor C of the EDM circuit 

Vo voltage across the gap between test specimens in the EDM test rig 
VR voltage across the resistor R of the EDM circuit 


Vrr voltage across the reed relay contact RR of the EDM circuit 


INTRODUCTION 


Frequency converters are widely used to control the rotational speed of electric 
motors by means of pulse-width modulation. However, in such drive configu- 
rations a reduction in the life of the bearings in the motor or the driven machine 
is often observed. Several studies! have been conducted to find the causes of 
these bearing failures and to develop countermeasures. It has been found that 
the passage of electric current through bearings caused by frequency converters 
leads to bearing failures. Possible damage to a bearing includes the generation 
of micro-craters® at the raceways of the inner ring, the outer ring, and the rolling 
elements. Furthermore, ‘washboard’ patterns®® may develop at the raceways 
after some time of bearing operation. All these effects cause an increase of wear 
at the raceways. Not only the metallic parts of a bearing but also the lubricant, 
which is an important component of a bearing, may be degraded by the passage 
of electric current.””? The lubricant may lose its lubricating effects through de- 
composition or carbonisation as a consequence of the electric current. In 
addition, impurities are produced in the lubricant by the increased wear of the 
bearing raceways. These effects can lead to the malfunction of the bearing and, 
hence, of the electric motor or the driven machine. 
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Figure 1 Stray capacitances in an electric induction motor 
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It is important to understand the physical mechanisms and processes that 
occur during the passage of electric current through bearings to enable the 
development of countermeasures. However, these mechanisms are not yet well 
understood. Recent investigations by the authors have identified electric 
discharge machining (EDM) processes as one of the main causes of bearing 
damage.** The present paper discusses the origins and effects of EDM 
processes in the bearings of frequency converter-driven electric motors. 


STRAY CAPACITANCES AND PARASITIC CURRENT LOOPS 


In any electric motor, unavoidable (parasitic) stray capacitances are inherently 
present, as shown in Figure 1. In particular, these capacitances include those 
between the stator windings and the motor frame (Cs), between the stator 
windings and the rotor (Csr), and between the rotor and the frame (Cpr). The 
values of these capacitances depend on the design of the electric motor. Based 
on the model of a plate capacitor, the stray capacitances are determined by the 
size of the gap between the two facing surfaces, by the surface area, and by the 
permittivity of the insulator between the surfaces. In the case of Cop and Cpr, 
this insulator is air, while the stator windings are normally separated from the 
frame by an electrically insulating varnish (Csp). Although stray capacitances 
are locally distributed, they may be treated as single capacitors in the 
corresponding equivalent electric circuits (Figure 1). 

From the electrical point of view, a bearing operating in the full-film lubri- 
cation regime has to be regarded as a capacitance Cp because of the electrically 
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Figure 2 Measured voltages referred to ground (motor frame) at the converter output 
terminals, U4, U>, and U;, at the star point, and at the shaft of an induction motor 
(SEW Eurodrive, 11 kW) driven by a frequency converter (SEW Eurodrive) in idle 
mode at 1500 rpm.?° The voltage at the shaft originates from capacitive coupling 

between the stator windings and the shaft through the stray capacitance Cor 
(Figure 1) 
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insulating lubricant films between the rolling elements and the inner and outer 
raceways. As such, Cg denotes the total capacitance between the inner and outer 
rings of the bearing. 

As investigated by Preisinger,’ for a system comprising a frequency con- 
verter, an electric motor, and a driven machine, different parasitic current loops 
may be created by the passage of electric current through one or more bearings. 

One loop that may be present in electric motors regardless of the type of 
electric drive is the circulating current loop caused by electric and/or magnetic 
asymmetries within the motor. Such asymmetries generate a voltage drop along 
the motor shaft. The frequency of this alternating voltage and of the associated 
current is typically below 100 Hz, according to the frequency of the motor drive 
voltages. The circulating current loop is formed by the motor shaft, the drive- 
end bearing, the motor frame, and the non-drive-end bearing. 

With the use of modern frequency converters, additional sources of elec- 
tric currents through bearings have to be identified. One source originates from 
the steps of the motor drive voltages at the three phases U4, Uz, and U3 that 
occur during the switching operations of the frequency converter, and the har- 
monics associated with these steps. To minimise power losses in the frequency 
converter, the slew rates of these drive voltage steps are maximised. However, 
the higher the slew rates, the more harmonics are generated. As the impedance 
of the various stray capacitances decreases with increasing frequency, the high- 
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frequency harmonics are a potential source of high-frequency currents, known 
as dv/dt currents. These currents occur during the switching operations of the 
frequency converter, that is, at the transitions of the phase voltages U4, Uz, and 
U3. The dv/dt current loop extends from the frequency converter along the 
motor cable to the stator windings and through the stray capacitances Cop and 
Cop to the motor frame and the rotor, respectively (see Figure 1). The branch to 
the rotor is continued to the motor frame by branches through the stray capaci- 
tance Cpr and the capacitances Cg of the bearings. Finally, all branches reunite 
at the motor frame and the current loop is closed along the protective earth line 
back to the frequency converter. 

Another source of electric current through bearings associated with fre- 
quency converters is the voltage between the motor shaft and motor frame 
(electrical ground) generated by capacitive coupling. This voltage, which is 
identical to the voltage across the bearings (between inner and outer rings), is 
the source of EDM currents (see below), and should not be confused with the 
voltage along the shaft, which leads to circulating currents. Normally, there is 
no voltage from the motor star point to ground in three-phase induction motors 
that are connected to sinusoidal power supply systems. However, if such mo- 
tors are driven by common frequency converters, the voltage at the motor star 
point no longer vanishes, as seen in Figure 2.10 This high-frequency alternating 
voltage is capacitively coupled from the stator windings to the motor shaft 
through the stray capacitance Csr. Thus, a voltage is generated between the 
motor shaft and motor frame. Its magnitude is determined by the capacitive 
voltage divider formed by Cop in series with the parallel connection of Crp plus 
twice the bearing capacitance Cp (Figure 1). As long as both bearings are in the 
full-film lubrication regime, electric energy is stored in the capacitances Crp and 
2Cp that are charged by the shaft-to-frame voltage. Once the breakdown voltage 
of the lubricant is reached in any of the bearings, an electric discharge current, 
commonly denoted EDM current, is initiated. The duration of this discharge 
process is typically in the range of a few tens of nanoseconds. The EDM current 
loop extends from the motor shaft through the affected bearing (drive-end or 
non-drive-end bearing) to the motor frame and is closed by the capacitance Crp 
in parallel with 2Cg acting as the voltage and EDM energy source. 

It should be emphasised that the current loops discussed above may also 
be closed by the passage of current through a bearing in the driven machine in- 
stead of a bearing in the electric motor itself, provided this path is characterised 
by lower overall impedance or breakdown voltage. It should further be noted 
that the destructive effect of the passage of current is not associated with the 
presence of the current or voltage alone, but occurs when energy is released 
within a short time in the bearing material or lubricant, resulting in local heating 
and spark formation. 

Circulating currents caused by field asymmetries in the motor can be elim- 
inated by use of an electrically insulating bearing (with an insulating coating on 
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Figure 3 Equivalent electric circuit of an EDM loop in an induction motor. C 
represents the stray capacitance Cpr of Figure 1, RR is a reed relay contact, and R and 
Lare the intrinsic resistance and inductance of the EDM circuit, respectively 


the outer ring, e.g., INSOCOAT™), at either the drive-end or the non-drive-end 
position. However, such insulation serves to prevent dv/dt currents and EDM 
currents only to some extent, as the high-frequency components of these 
currents may pass through the bearing capacitance Cp. 


SIMULATION OF DISCHARGES 


To study an electric discharge (EDM process) in a bearing, an equivalent electric 
circuit of the EDM loop was designed, consisting of a capacitance C (corres- 
ponding to Cpr), a resistance R, an inductance L, and a reed relay contact RR 
(Figure 3). Measurement of the stray capacitance Crp (plus 2Cg) between the 
rotor and frame of an induction motor (SEW Eurodrive, 11 kW) revealed a value 
of approximately 1 nF. For this measurement, the rotor was driven externally via 
a belt to ensure zero shaft-to-ground voltage with the bearings operating in full- 
film lubrication (electrically insulating) mode, and the shaft was equipped with 
a rotating mercury contact connected to an LCR meter (HP 4294A, Agilent Tech- 
nologies, USA).° A typical value”! for the EDM loop resistance is about 10 Q. As 
realistic data for the loop inductance were not available, measurements were 
performed in the presence of the intrinsic inductance (about 0.1 uH) of the 
equivalent circuit only. Minimisation of the electric circuit was limited by the 
dimensions of the electronic components. 

After charging the capacitor C from an external DC voltage source (not 
shown), the reed relay contact RR was closed and the voltages Vc, Vp, and Ver, 
across the capacitor, the resistor, and the relay contact, respectively, were mea- 
sured with an oscilloscope (WP 940, LeCroy, USA). From the voltage Vp the 
electric current I = Vg/R in the circuit was calculated. Further, the reactive 
power P = IVc and the discharge energy E = f P dt were computed. The results 
are depicted in Figure 4. The energy stored in the capacitor C before closing the 
relay contact was Ey = CV6/2 = 9.7 nW s; Vo = 4.4 V was the initial DC voltage 
across the capacitor. This calculated value of Ep is in very good agreement with 
the measured total discharge energy of the simulated EDM process, as seen in 
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Figure 4 Electrical parameters during an EDM process simulated by means of the 
circuit shown in Figure 3. Vc is the voltage across the charging capacitor C, Vgp the 
voltage across the relay contact RR, I the current, P the reactive power, and E the 
discharge energy. The time of contact closing is at 0 s 


2° 
OCO]NON AON A 


o 5.0x1078 1.0x1077 1.5x1077 
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the lowest trace of Figure 4. The trace also shows that most of the stored energy 
was consumed within 30 ns after closing the contact. These experiments enabled 
an appropriate measurement technique for investigating short-time discharges 
(EDM processes) in rolling bearings to be set up. 


STATIONARY TEST RIG 


Based on the results of the EDM simulations as discussed above, a test rig was 
designed for the systematic investigation of the effects of EDM processes on 
bearing elements (Figure 5, overleaf).!2 Standard bearing elements (balls of 
10.319 mm in diameter and cylindrical rolling elements of 10 mm in diameter 
and 10 mm in length) were used as test specimens. The apparatus allows the 
precise placement of a ball opposite the face surface of a cylinder. The gap be- 
tween the two parts can be pre-adjusted manually by means of a micrometer 
stage and finely adjusted and periodically varied by means of a piezoactuator 
(PV 10/80 with control unit TD 1-200, LINOS Photonics, Germany) driven by a 
frequency generator (HP 33120A, Agilent Technologies, USA). The gap can be 
filled with different lubricants. The electrical part of the test rig corresponds to 
the circuit used for the EDM simulation (Figure 3), with the reed relay contact 
replaced by the variable gap between the test specimens. This set-up allows the 
initiation of a series of EDM processes at the test specimens under well- 
controlled electrical and mechanical conditions. The aim was to investigate the 
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Figure 5 Test rig for investigating the effects of EDM processes on bearing 
elements.'? A bearing ball is arranged opposite the face surface of a cylindrical roller. 
The gap between is controlled by a piezoactuator combined with a micrometer stage. 

The upper left image shows a close-up of the gap across which EDM processes are 
initiated (the electrical part of the set-up is not shown) 


effect of such EDM processes on the bearing ball and cylinder surfaces under the 
influence of various lubricants in the gap between the test specimens. 


RESULTS AND DISCUSSION 


Ina first series of measurements, the gap width in the test rig was kept ata fixed 
value and the voltage between the test specimens was increased until an EDM 
process occurred. During the discharge process, the instantaneous values of 
voltage, current, power, and energy were recorded in the same way as for the 
EDM simulations described above. Figure 6 shows a typical result for a gap 
width of 0.5 um. The gap was filled with polyglycol base oil. The result is similar 
to that obtained for the equivalent electric circuit (Figure 4). Here, the initial 
voltage level Vc before onset of the EDM process was 3.5 V. Thus, the electric 
energy stored in the capacitor (a value of C = 1 nF was chosen according to the 
typical capacitance Crp between rotor and motor frame?) was Eg = 6.1 nW s. 
From this total energy, only a certain amount will be consumed by the formation 
of a spark in the gap, while the rest is transferred to heat in the ohmic resistance 
of the circuit. To derive this energy distribution, the instantaneous electric 
power discharge at the gap was calculated from Pg = IVg, where Vg is the 
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Figure 6 Electrical parameters during an EDM process generated using the set-up 
shown in Figure 5. Vç is the voltage across the charging capacitor, Vg the voltage 
across the gap, J the current, Pg the power discharge at the gap, and Eg the energy 
released at the gap. The gap was filled with polyglycol base oil. The time of onset of 
the EDM process is at 0s 


Time (s) 


voltage across the gap, and the energy released at the gap during the discharge 
was obtained as Eg = J Pg dt = 3.1 nW s (Figure 6). Thus, about half of the total 
energy (Ey — Eg = 3 nW s) was consumed by the ohmic losses in the electric 
circuit. 

Based on a similar electrical scheme, measurements of EDM processes 
were performed for rolling bearings under real operating conditions in an in- 
duction motor (SEW Eurodrive, 11 kW) driven by a frequency converter (SEW 
Eurodrive). The results were in good agreement with those shown in Figure 6 
in terms of voltage, current, and energy levels, as well as of signal time 
dependence (data not shown). 

Using the test rig, a series of EDM processes was initiated between the 
specimens with the gap filled with different lubricants. For these measurements, 
the piezoactuator was used to generate a vertical oscillatory movement of the 
bearing ball with a frequency of 15 Hz and amplitudes in the region of 20 pm 
(minimum gap width was 2 pm). The maximum voltage Vç at the charging 
capacitor was set to 12 V, yielding frequent EDM events. Events were detected 
by monitoring the gap voltage and counted automatically. Specimens were re- 
placed after each series of experiments. The surfaces of treated specimens were 
analysed using a contactless optical profile meter (Surf, NanoFocus, 
Germany). Figure 7 (overleaf) shows the surface of a bearing ball indentation 
after 51,000 EDM events with an accumulated discharge energy of 3.1 mW s. 
The image shows severe damage of the surface in the form of craters arranged 


Tribotest journal 11-4, June 2005. (11) 303 ISSN 1354-4063 $50.00 


ALU Áq ZOPO TOTOE W/ZOO! OI MOP (wos: Korm Kw1quouuo;:sdny Woy Popeo[UMo `p ‘SOOT *XS89LSST 


dy) suonrpuos pue suns] IMP 99 “[EZOZ/TI/PI] UO Arerqry ouuo ÁM “eIquUTOD aq] ope; 


əsuəsr SUOUULOD aareaID ayqeoqdde əy) Áq pauraAo# are san YO OSN Jo SƏNI Joy AreIqr] IUUQ KATIA UO (SUONIPUOD-pue-sULIA/tHOD Kofta Áq 1a 


304 Jagenbrein, Buschbeck, Gréschl, and Preisinger 


Figure 7 Surface of a bearing ball indentation analysed using a contactless optical 
profile meter after 51,000 EDM events, generated by means of the set-up shown in 
Figure 5, with an accumulated discharge energy of 3.1 mW s. The gap was filled with 
a polyglycol base oil 


100 um 
" é 


Figure 8 Surface of a bearing ball indentation analysed using a contactless optical 
profile meter after 60,100 EDM events, generated by means of the set-up shown in 
Figure 5, with an accumulated discharge energy of 3.3 mW s. The gap was filled with 
an ester base oil 
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in a ring-shape. The reason for this corona-like effect will be the subject of future 
research. The gap was filled with a base oil (polyglycol) during the EDM treat- 
ment. The result for another bearing ball and a different base oil (ester) treated 
with 60,100 EDM events (3.3 mW s) is shown in Figure 8. Although the 
parameters (time progress of voltage, current, and power) and the total number 
of EDM events were similar for both experiments, the resulting surface damage 
was less pronounced when an ester instead of a polyglycol base oil was used in 
the gap between the specimens. Further experiments are presently being con- 
ducted to clarify this effect and to investigate the influence of various lubricants 
on the surface damage of bearing elements under EDM stress. 


CONCLUSION 


Different parasitic electric current loops that may be present in frequency 
converter-driven induction motors have been investigated. Inevitable stray 
capacitances in the motor, in combination with the high-frequency components 
of the drive voltages, lead to high-frequency currents (dv/dt and EDM currents) 
that cause damage of rolling bearings. The dv/dt currents flow at the switching 
times of the frequency converter, i.e., at the edges of the motor drive voltages. 
In contrast, EDM currents may occur at any time during motor operation. The 
EDM process can be regarded as a two-step process. When both bearings are in 
the full-film lubrication mode, the stray capacitance Crp between the rotor 
(shaft) and the motor frame (in parallel with twice the bearing capacitance Cp) 
is charged by the shaft-to-ground voltage. This voltage, which is identical with 
the voltage across the bearings (between the inner and the outer rings), origin- 
ates from capacitive coupling from the stator windings to the rotor through the 
stray capacitance Cor. Consequently, when the bearing voltage reaches the 
breakdown voltage level of the lubricant in any of the bearings, an EDM 
discharge occurs. 

A test set-up was developed to investigate the effect of EDM currents on 
bearing elements in the presence of different lubricants under stationary con- 
ditions. The aim of these investigations was to find systematic correlations 
between bearing damage (size of crater, structural changes of the material of the 
bearing components, change in the chemical constitution of the lubricant) and 
the electrical regime leading to an EDM process. While this test rig allows the 
initiation of EDM processes of defined energy in a finite region between two test 
specimens, in a rolling bearing an electric current may spread across several 
rolling elements and always passes through two lubricant films, between the 
rolling elements and the outer and inner rings. Future experiments are planned 
to initiate and investigate EDM processes under real bearing operating 
conditions in a dynamic test rig. 
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